The tritium removal system is relatively simple but requires very high salt-processing rates, ~667 L salt/min. The principal process steps are: mixing of helium gas with the salt, separating the helium-tritium mixture from the salt, and removing the tritium from the helium. Transmutation of lithium to tritium and helium makes the salt more oxidizing and corrosive, so fresh lithium is added before the salt is returned to the reactor blanket to replace that lost by transmutation. The inert-gas fission products (Kr and Xe) are removed by cryogenic absorption into fluorocarbons. Tritium is removed from the helium stream by cryogenic adsorption on activated charcoal beds.
After tritium removal, a much smaller salt stream is diverted from the salt returning to the reactor blanket for removing and recovering 90% of the fissile uranium. The processing rate of 7.5 L/min is determined by the maximum uranium concentration allowed in the salt (0.03 mol %).
The uranium is removed by batch fluorination, and accumulation tanks must be provided both for feeding the fluorinator and for dispensing salt to subsequent process steps. Adequate provisions are also needed for removing heat from the salt in the accumulation tanks.
Although most of the salt is returned to the reactor blanket after uranium removal, a small stream (~58 L/d) is diverted to a decay-waste system. This bleed stream provides a means for removing fission products and for retaining the desirable Li/Th/Be ratio in the salt. After 260-d storage, essentially all of the 233 Pa has decayed, and the salt then undergoes a final batch fluorination before being sent to waste storage.
The cost estimates presented here are not based upon detailed designs and must be viewed as preliminary and very approximate. There are also uncertainties in the feasibility of some process steps. However, in this study an attempt has been made to use process steps that were previously demonstrated for the Molten Salt Breeder Reactor (MSBR), were undemonstrated but considered feasible, or were viewed & r reasonable extrapolations of current technology. None of the process steps listed appear to be unreasonable or to involve more uncertainties than other aspects of the hybrid reactor concept. These estimates were prepared principally for comparing the costs of various blanket systems; so no estimates were prepared for facilities that are common to all blanket concepts (e.g., the building, any containment facilities required within the reactor building, or the standard utility services). The cost estimates also did not incluc'<= any waste management operations other than removal of the last traces of uranium from the bleed salt.
The total identified capital costs for the hybrid molten salt reactor were estimated to be $53,108,000 in 1984 dollars, but the uncertainty factors may cause this to vary as much as $20 million. These costs include 513,822,000 for materials, which is the principal basis for the total cost estimate. From the materials costs, construction costs were estimated to be $18,541,000. An additional 30% ($9,709,000) was included for engineering, and 50% of the total (S21,036,000) was added for contingency costs.
THE HYBRID REACTOR CONCEPT
The processes evaluated in this study are intended to service a molten salt blanket concept currently under study at the Lawrence Livermore National Laboratory (LLNL).
The reactor is a tandem-mirror fusion reactor with a molten salt blanket that generates both the tritium necessary to fuel the fusion reactions and the 233 U to fuel other (fission) reactors. The fusion power from the tandem-mirror reactor is 3000 MWe. Additional power is generated by fission in the blanket, but this is a small fraction of the total and will likely be minimized to control accumulation of fission products in the blanket. Other blanket options are being considered in the LLNL program, and the results from this study will be compared with those for other blanket concepts.
The proposed molten salt blanket (shown schematically in Fig. 1) consists of modules filled with 1-cm-diam beryllium spheres surrounding pipes through which the molten salt breeding material is slow circulated.
Helium coolant flows to the "first" wall facing the plasms, then through the 60-cm-thick, berylliun-filled region, then to a 40-cm-thick reflector area containing graphite slabs, and finally to the reactor power generation system. The molten salt is processed for recovery of the bred tritium and uranium, rather than for heat recovery.
The salt mixture chosen for this blanket contains 18 mol % ThFi,, 70 mol % LiF, and 12 nol X BeF 2 ; the melting point is ~530°C, with a density at 600 c C of 3.87 g/cm 3 . The salt volume (~65 m 3 ) constitutes 9.1% of the rotal blanket volume. Additional salt will be required in the circulation and procesing systems outside the blanket.
A number of minor components will be present in the salt mixture.
The concentration of bred uranium in the mixture will be maintained at or below 0.03 mol % by the process system. The solubility of tritium gas in the salt will also be extremely low, provided the oxidation/reduction state of the salt is maintained sufficiently reducing that the tritium fluoride concentration can be neglected. Small quantities of corrosion and fission products will always be present, but they are not expected to affect the physical properties of the salt significantly. The concentrations of all impurities will be controlled by the process system and/or the salt bleed rate. 
PROCESS REQUIREMENTS
The process systems must provide four services:
1. Recovery of tritium at a rate sufficient to prevent the buildup of tritium pressure that will result in unacceptable permeation rates.
2. Recovery of uranium at a rate sufficient to avoid excessive formation of radioactive fission products in the salt. (This includes maintaining the proper 6 Li content.)
The rate at which tritium permeates the piping is difficult to estimate accurately, since it is affected by important unknown parameters such as the amounts of oxides and other films on the surfaces and the resistance of these films to permeation. Although film resistances are known to form on many surfaces which reduce permeation rates by a few hundred fold, the remaining permeation race in the hybrid reactor would still be high enough that secondary containment would be required.
For this study, the walls of pipes transporting the molten salt were assumed to have sufficient resistance that the permeation rate would not affect the tritium inventory significantly. Doubly contained piping would be required to prevent excessive contamination of the surrounding atmosphere. The solubility of tritium in this salt is now known, but it is believed to be low (perhaps -2.712 x 10~3 mol/cm 3 -Pa at 650°C. As long as the tritium is reduced to the elemental state, its low solubility makes tritium removal relatively simple in principle. As noted earlier, the major potential problem is the buildup of tritium pressure within the salt. The proposed tritium removal system will involve the injection of helium gas bubbles into the salt stream. Since tritium concentration in the gas is more than three hundred times that in the salt, the circulation of a relatively small volume of helium gas with the salt can reduce the tritium concentration in the salt (and thus the tritium pressure)
considerably. An injection of 560 L/min (STP) of helium into the salt is needed to maintain acceptable tritium concentrations with a salt circulation rate of 32.5 m 3 /min. Note that this corresponds to a process cycle (residence) time of only 2 min. This circulation rate is not, however, as rapid as would be required if salt circulation were used to remove the heat generated in the blanket. 
PROCESS DESCRIPTION Tritium Removal
As noted previously, the tritium removal concept is simple. A small volume of helium is injected into the salt as it enters the blanket, and the tritium is removed as the helium is separated from the salt in the bowl of the centrifugal salt pump. The helium addition to the salt serves to flush the tritium from the pump bowl, but the high salt circulation rates required demand large pumping capacities and relatively complex piping and manifold systems. One potential manifold system is shown in Fig. 2 . The entire reactor blanket in this system contains 50 modules.
Five pumps with capacities of 6500 L/min each are used to circulate the salt. Each pump has 6-in. inlet and outlet pipes which service 10 Tritium is removed from -the helium purge gas as shown in Fig. 3 . The gas leaving the absorption system is cooled regeneratively tõ 25 K and passed through activated carbon adsorption beds for tritium removal. The purified helium then returns through the regenerative heat exchangers for reuse in the pump purge and elsewhere in the system. The smaller side streams (66.67 L/icin from each salt pump) are combined and sent to a reduction system (shown in Fig. 4) . Lithium metal is added to the salt mixture to replace ths lithium transmuted to helium and Lritium by neutron bombardment in the blanket. The salt is first stripped of any remaining tritium by using a helium purge gas in a metalmesh-pc"ked column ~5.z m high and 61 cm in diameter. The 6.5 L/inin flow of helium stripping gas is then sent through the tritium recovery system for tritium removal. The lithium metal is added to a 1*7 m^ tank of the recirculating salt. Fresh make-up salt is also added at this point to replace the bleed salt necessary to restore the 6 Li to 7 Li ratio. When natural lithium is used in the fresh salt, 60 L/d must be added. The salt is then filtered before it is returned to the blanket to remove any undissolved lithium or other precipitated solids.
Uranium Removal
Only a relatively small salt stream needs to be processed for uranium removal. The principal process step is fluorination of the uranium to volatile UFg (see process flowsheet in Fig. 5 ). The fluorination system is modeled after systems studied and designed for the MSBR. Although a continuous fluorinator 6 was designed for a conceptual molten salt reactor, a batch fluorinator was used in this study, because only batch fluorinators were tested in larger sizes. The fluorinator residence time chosen for this study was 2 h, which is somewhat shorter than the times used in any experimental batch fluorinations but considerably longer than the residence like many other aspects of the hybrid reactor, should be investigated, but our assumption is believed to be reasonable, based upon the data currently available.
The fluorinator operates with cooled walls so that salt will be frozen on the walls. This protects the walls from the very corrosive oxidized salt. The frozen-salt wall protection is needed only for surfaces which are likely to be contacted by salt; dry fluorine gas can be contained effectively by nickel and nickel alloys. Frozen-salt wall protection was studied but not demonstrated in the MSBR program.^»Ŝ ince our cost study is for a batch fluorinator and a continuous salt feed, a 1.5-m 3 accumulation tank is required to hold the feed salt coming from the blanket until *'-& fluorinator is ready to accept another batch of salt. There will be ~6 MW of heat generated in this salt, and significant cooling will be required. The fluorinated salt is sent in batches to a similar tank from which salt can be pumped continuously for return to the blanket. A helium-flush is used to remove most of the residual fluorine but to minimize corrosion problems, the salt also goes through the reduction (lithium addition) system before returning to the blanket. The uranium-bearing fluorine gas from the fluorinator is sent to the uranium recovery system. 
Uranium Recoverv
The system proposed for recovering uranium from the fluorinator cff-gas is modeled after that designed for the MSBR (shown in Fig. 6 ).
The UF& is trapped on NaF beds. In the particular flowsheet used in this study, the uranium-free fluorine is reacted with hydrogen, purified, and electrolyzed to recover the fluorine. This is a fairly elaborate purification process. It may be practical to recycle most of the fluorine directly, or to purify only a portion of the fluorine by a scheme such as this, to prevent the accumulation of impurities. The uranium is recovered by periodic regeneration of the NaF beds and purified by distillation.
The product is UFg, which can be converted to any desired product by conventional technology.
COST ESTIMATE
The estimated costs of the proposed molten salt blanket processing system are summarized in Specific estimates were obtained for the major items of equipment, and the cost of associated items and construction labor were assumed to be proportional to the cost of these major items. The estimate is believed to be as reliable as possible at this time and with the available data.
As mentioned previously, there are uncertainties in the feasibility as well as in the size 3nd cost estimates for some items in the proposed flowsheet. However, there are no known fundamental reasons why this or a similar system would not work. The degree, of uncertainty in this flowsheet and cost estimate is probably no worse than that for several other portions of the fusion/fission hybrid reactor system.
The cost estimates do not include housing for the process equipment, containment, shielding, remote maintenance, or standard utilities. These facilities are assumed to be similar for alternate blanket systems.
However, since the relatively high-temperature molten salt system will require additional electrical power, $750,000 was included for this purpose. A packaged oil burner for process steam and a 50-MW cooling tower were also included; these added $2,500,000 to the material costs and $1,500,000 to the labor costs. The process equipment installation is assumed to be at the reactor facility, and the surrounding building is expected to be similar to that required for other process options.
Although the molten salt process requires considerable facility space for handling equipment and storage of waste salt during protactinium decay, the space is expected to be no more, and may be significantly less, than that required for the most likely alternative, aqueous processing of metal or metal-clad fuels.
The relatively large contingency factor seen in Table 1 is appropriate for conceptual designs such as this, where many details and even some process steps are still uncertain. The estimates for heat exchangers and radioactive off-gas treatment systems are notable items among the process costs; however, neither the costs for these nor those for the entire system are unusually or unacceptably high. The projected costs are believed to be reasonable for a radioactive processing system of this size. The estimates are alco expected to be competitive with those for most, if not all, alternative hybrid reactor processing systems.
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